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Objective: Evidence suggests that osteoarthritis (OA) is associated with altered central pain processing.
We assessed the effects of experimentally induced OA on the excitability of spinal nociceptive with-
drawal reﬂexes (NWRs), and their supraspinal control in a preclinical OA model.
Design: Experimental OA was induced in rats with knee injection of monosodium iodoacetate (MIA) and
pain behaviour was assessed. 14/28 days post-MIA or saline injection, rats were anaesthetised for spinal
NWR recording from tibialis anterior (TA) and biceps femoris (BF) hind limb muscles during plantar hind
paw stimulation. Thresholds, receptive ﬁeld sizes and wind up (incremental increase to repetitive
stimulation) were measured in intact (d14/28) and spinalised (severed spinal cord; d28) MIA- and saline-
injected rats.
Results: MIA reduced BF mechanical thresholds at day 28. Spinalisation of MIA rats did not prevent this
hyperexcitability, and failed to produce the reduction in reﬂex receptive ﬁeld (RRF) size observed in
saline rats. These data indicate that MIA induces a hyperexcitability of BF NWR circuits that is maintained
at the spinal level. In contrast, MIA appeared to have no effect on NWRs evoked by mechanical stimuli in
the ankle ﬂexor TA in intact rats, however spinalisation revealed hyperexcitability. Thus, 28 days
following MIA-treatment, descending supraspinal inhibition normalised TA NWRs and was only over-
come following repetitive noxious stimulation during wind up.
Conclusions: We demonstrate that spinal nociceptive reﬂex pathways are sensitized following the
development of OA, suggesting the presence of central sensitization. Further, our data reﬂect OA-induced
alterations in the descending control of reﬂex responses. Our ﬁndings contribute to a mechanism-based
understanding of OA pain.
 2013 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
The degenerative joint disease osteoarthritis (OA) is associated
with chronic pain reducing quality of life1. Despite a good under-
standing of the degeneration that occurs in OA joints, how this
drives chronic pain remains largely unknown. Poor association
between radiological ﬁndings and pain2, and the fact that some
patients experience pain post-surgical joint replacement3, suggests
that alterations in spinal pain processing (central sensitization)
make an important contribution. Data from experimental studies in
human knee OA support this theory. Reduced pressure pain
thresholds (PPTs), increased mechanical spatial and temporal. Kelly, School of Biosciences,
Nr Loughborough, Leics LE12
51-6099.
. Kelly), katharine.dobson@
am.ac.uk (J. Harris).
s Research Society International. Psummation at sites distant to the knee2,4,5 and expanded referred
pain areas are observed6. The excitability of spinal cord neurons
receiving input from joint nociceptors is inﬂuenced by descending
inhibition and facilitation7,8. The potency of heterotopic descending
noxious inhibitory control is reduced in human knee OA and is
credited with enhancing and driving the spread of pain2,5. Since
there is a direct relationship between the degree of sensitization at
distal sites, and pain2, it is critical that studies further examine
central sensitization mechanisms.
Clinically relevant animal models of OA are required to gain a
broader mechanistic understanding of OA pain. Injection of the
chondrocyte metabolism inhibitor monosodium iodoacetate (MIA)
into the rat knee joint induces pathology and pain responses mir-
roring key aspects of human knee OA9. MIA produces a widespread
loss of articular cartilage and subchondral bone remodelling by
28 days10. MIA-induced hind paw mechanical allodynia, mirrors
pain evoked from non-injured sites in human OA4,9 and correlates
with the presence of activated spinal microglia and facilitatedublished by Elsevier Ltd. All rights reserved.
Fig. 1. Schematic representation of the experimental set up used for recording NWRs
in the form of EMG activity in the hind limb muscles, BF and TA following hind paw
stimulation.
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indicators of central sensitization. Thus, the MIAmodel provides an
opportunity for the study of central pain mechanisms during OA.
Spinal nociceptive processing and the inﬂuence of supraspinal
descending modulation can be studied experimentally, by exam-
ining nociceptive withdrawal reﬂexes (NWRs)12,13. NWRs are
polysynaptic and multisegmental spinal reﬂexes constituting a
protective mechanism, producing a rapid limb withdrawal from
damaging stimuli12 and can be recorded in the form of electro-
myographic (EMG) activity from limbmuscles in conscious humans
and anaesthetised animals12,13. This neurophysiological approach
has been applied to chronic pain patients and animal models of
chronic pain, providing a directly translatable approach bywhich to
investigate clinically relevant pain mechanisms13,14. The facilitated
NWRs seen in patients with knee OA15,16 are electrophysiological
correlates of central sensitization also manifest in rat inﬂammatory
monoarthritis17. Whether models of OA are associated with NWR
hyperexcitability is unknown, and thus no studies have assessed
the translational potential of applying this approach to preclinical
OA models.
Our aim was to improve the understanding of how spinal
excitability is modulated during OA. We examined MIA effects on
NWRexcitability in a knee ﬂexormuscle, biceps femoris (BF) and an
ankle ﬂexor muscle, tibialis anterior (TA). TA is the prime mover
that under non-pathological conditions responds to plantar toe
stimulation, lifting the toes by ankle ﬂexion. Such a stimulus would
also activate BF resulting in a complete removal of the lower half of
the limb from the stimulus via knee ﬂexion. The inﬂuence
of descending controls on spinal excitability post-MIA was
investigated.
Methods
Animals
Procedures were performed in accordance with the Animal
(Scientiﬁc Procedures) Act 1986, UK Home Ofﬁce regulations and
local ethics approval. Male Wistar rats (n ¼ 64; 180e200 g, Harlan
Laboratories UK Ltd, Bicester, UK) were housed four per cage, given
access to food and water ad libitum, and maintained on a 12 h light/
dark cycle.
MIA-induced OA
Isoﬂurane (IsoFlo; Abbott Laboratories, Maidenhead, UK; 3% in
O2) anaesthesia was induced. Once areﬂexic, the left hind limb was
clipped then 1 mg MIA in 50 ml sterile saline was injected through
the patellar tendon into the left knee. Control rats were injected
with sterile saline (50 ml). Rats were returned to the home cage and
monitored.
Behavioural measurements
Pain behaviour was assessed by incapacitance testing (Linton
Instrumentation, Norfolk, UK)18. Weight borne by ipsilateral
(injected) and contralateral (non-injected) hind limbs was assessed
(days 3e28 post-injection) and was averaged over 3 s; readings
were taken in triplicate andmeans calculated. Results are ipsilateral
as a percentage of contralateral weight bearing (no change
w 100%).
Surgical procedure for reﬂex recordings
14 and 28 days post-MIA/saline, rats were deeply anaesthetized
using isoﬂurane (2.2e3.5%) in an oxygen and nitrous oxide mixture(1:2). Body temperature was maintained at 37.5 0.5 C via a rectal
probe coupled to a heating blanket (Harvard Apparatus Ltd.,
Edenbridge, UK). The trachea, left external jugular vein and left
carotid artery were cannulated for airway maintenance, anaes-
thetic administration and mean arterial pressure (MAP; mm Hg)
monitoring, respectively. Throughout MAP was monitored by an
arterial pressure transducer (SensoNor 840; SensoNor, Horten,
Norway) and recorded using Spike2 software (version 4) (Cam-
bridge Electronic Design (CED) Ltd, Cambridge, UK). Anaesthesia
was then maintained by an i.v. infusion of Alfaxan (alfaxalone,
10 mg/ml; mean rate 41 mg/kg/h) at a level at which animals were
moderately responsive to brushing of the cornea. Animals were
allowed to stabilize for 1 h minimum before EMG recording. In
some day 28 MIA/saline-treated rats (n ¼ 10/11) the effect of
spinalisation (severing the spinal cord to interrupt descending
pathways) on reﬂex excitability was studied. A laminectomy was
performed between T8 and T9 vertebrae and the spinal cord was
transected at T9. Reﬂexes were recorded 2e3.6 h post-transection
(median time: MIA rats ¼ 161 min; saline rats ¼ 156 min). Exper-
iments were terminated by Alfaxan overdose, and saturated KCl
solution.Stimulation and recording of reﬂex responses
Figure 1 represents the hind limb set up. Throughout surgical
preparation and reﬂex recording the experimenter was blind to
treatment (MIA vs saline). Reﬂexes were recorded as compound
EMG signals from TA and BF muscles ipsilateral to the injected joint
and stimulation site using paired, percutaneous, varnish-insulated
copper wire electrodes inserted into the muscles. EMGs were
ampliﬁed (5000), ﬁltered (1 and 5 kHz), and fed to a CED 1401
connected to a PC running Signal software (version 2.08) (CED Ltd,
Cambridge, UK).
Reﬂex responses, deﬁned as increases in EMG activity above
baseline, were evoked by mechanical (4e60 g von Frey mono-
ﬁlaments, Linton Instrumentation) and electrical ipsilateral hind
paw stimulation. Hind paw receptive ﬁeld mapping was
Fig. 2. A signiﬁcant reduction in the percentage weight bearing of the ipsilateral hind
limb was observed in MIA-treated rats (n ¼ 37) compared to saline-treated control rats
(n ¼ 31). Each point represents Mean  S.E.M. Statistical analysis performed with AUC
combined with Mann Whitney, ***P < 0.001.
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Frey for 3 s each, to 21e22 deﬁned points covering the majority
of the ipsilateral plantar surface. When an EMG response (2
motor unit action potentials, irrespective of size) was evoked at a
particular point (numbered 1e21/22), this was marked onto a
hind paw template and receptive ﬁeld size calculated (number of
responsive points/total  100) and repeated every 5 min until
reproducible. Mechanical thresholds were determined by
applying von Freys to the most responsive point in ascending
weight (4e60 g) at least three times for 3 s each, and the me-
chanical threshold was deﬁned as the lowest von Frey evoking
EMG activity; median values were calculated. Repeated testing
did not affect responses.
EMG activity in BF and TA was evoked electrically (single
shocks of the toes, 0.2e10 mA, 0.1 ms) using paired, stainless steel
27 gauge needle electrodes. Thresholds and latencies were
determined. Wind up of EMG activity to repetitive noxious stim-
ulation is used as a short term model of temporal summation and
central sensitization and is a frequency-dependent incremental
increase in spinal cord neuronal or EMG responses to repetitive
stimulation of afferent C-ﬁbres20. Cutaneous sensory afferents are
classiﬁed as Ab-, Ad- or C-ﬁbres on the basis of degree of myeli-
nation and speed at which they conduct action potentials and are
further classiﬁed according to sensory modality. Ab-fibres are
predominantly touch receptors. Ad-ﬁbres and C-ﬁbres include
thermoreceptors and nociceptors initiating painful sensations21.
EMG activity evoked by 8 (1 Hz) 10 mA electrical stimuli was
recorded. Measurements were made from three time bands post-
stimulus: 5e15 ms (phase 1); 15e100 ms (phase 2); and 100e
260 ms (phase 3). Phase 1 reﬂexes are driven by myelinated
Ab-ﬁbres, phase 2 reﬂexes by thinly myelinated Ad-ﬁbres and
responses post-100 ms (phase 3) are driven by unmyelinated
C-ﬁbres22.
Statistical analysis
Analysis performed using Prism v5 (GraphPad Software, CA,
USA) and normality assessed (D’Agostino & Pearson normality test)
prior to statistical analysis. Area under the curve analysis (AUC)
with Mann Whitney or Mann Whitney alone was used to compare
MIA- and saline-treated rats. P < 0.05 was considered signiﬁcant.
95% conﬁdence intervals were used.
Results
MIA-evoked pain behaviour
Weight bearing analysis conﬁrmed OA pain development
following MIA. As described18, MIA signiﬁcantly decreased ipsilat-
eral hind limb weight bearing compared with saline (Mean
AUC: MIA ¼ 1226  90.85; Saline ¼ 1770  141.2; P < 0.001)
(Fig. 2). These magnitudes of reduction were similar to previous
reports18,23.
MIA reduced mechanical thresholds required to evoke NWRs in BF
Spinal neuronal responses are augmented 28 days post-MIA9, on
this basis we investigatedwhether NWRs are sensitized at this time
point as well as at an earlier stage of the model (day 14), and
assessed contributions of descending controls by spinalising at
day 28.
We studied MIA effects on mechanical sensitivity of hind paw
evoked NWRs. At 14 days post-injection, BF mechanical thresholds
were not signiﬁcantly different in MIA- compared to saline-treated
rats (n ¼ 8 each) (MIA median ¼ 60 g, range ¼ 8e60 g; Salinemedian ¼ 60 g, range ¼ 26e60 g. P ¼ 0.645, Mann Whitney).
However, at 28 days, BF mechanically-evoked responses were
facilitated [Fig. 3(B, C, E)] with signiﬁcantly lowered thresholds in
MIA- compared to saline-treated rats in the intact (non-spinalised)
state [Fig. 3(C); Saline-I vs MIA-I, P ¼ 0.007, Mann Whitney].
Spinalisation had no signiﬁcant effect on BF mechanical thresholds
in saline- or MIA-treated rats (-S vs -I), hence it did not prevent the
signiﬁcant reduction in threshold seen post-MIA [Fig. 3(C); Saline-S
vs MIA-S, P ¼ 0.04, Mann Whitney].
TA mechanical thresholds were not signiﬁcantly different in
MIA- compared to saline-treated rats (n ¼ 8 each) at 14 days (MIA
median ¼ 43 g, range ¼ 26e60 g; Saline median ¼ 60 g,
range ¼ 26e60 g. P ¼ 0.442, Mann Whitney) or 28 days post-
injection (intact and spinalised) [Fig. 3(D)]. Although spinalisation
caused a small but signiﬁcant decrease in saline-treated rats (Sa-
line-I vs Saline-S, P ¼ 0.03, Mann Whitney); a similar reduction in
MIA-treated rats did not reach signiﬁcance [Fig. 3(D); MIA-I vs MIA-
S, P ¼ 0.06, Mann Whitney].MIA increased the magnitude of BF mechanically-evoked NWRs
We studied MIA effects on magnitudes of mechanically-evoked
responses across a range of stimulus intensities (4e60 g) in intact
(day 14 and 28) and spinalised rats (day 28). For both reﬂexes under
intact [Fig. 3(E and F)] and spinalised conditions, increased hind
pawmechanical stimulation intensity increased reﬂex magnitudes.
However, whilst mechanically-evoked responses in BF were com-
parable in MIA- and saline-treated rats at day 14 (n ¼ 8 each; Mean
AUC: MIA ¼ 52.52  19.91; Saline ¼ 113.3  45.59; P ¼ 0.1304,
Mann Whitney), at day 28, responses in BF were signiﬁcantly
greater in the MIA group [Mean AUC: MIA ¼ 622.6  160.7;
Saline¼ 292.2 113.9; P¼ 0.0378, MannWhitney, Fig. 3(E)]. At day
14 and 28, TA mechanically-evoked responses were comparable to
responses in saline-treated rats [day 14 Mean AUC: MIA ¼
36.96  18.59; Saline ¼ 21.60  7.315; P ¼ 0.645, Mann Whitney
n ¼ 8/7. Day 28 Mean AUC: MIA ¼ 129.5  29.44;
Saline ¼ 189.9  67.21; P ¼ 0.7427, Mann Whitney, Fig. 3(F)].
Under spinalised conditions, overall reﬂexes were smaller in
both groups, and responses in MIA- and saline-treated rats were
not signiﬁcantly different (BF Mean AUC: MIA ¼ 53.56  22.36;
Saline ¼ 32.41  7.272; P ¼ 0.6497. TA Mean AUC:
Fig. 3. Effect of MIA on mechanical-evoked NWRs in intact (-I) and spinalised (-S) rats. BF EMG recordings in a saline- (A) and MIA-treated rat (B) (28 days post-injection) in
response to mechanical stimulation. Note that EMG responses are evoked at a lower intensity of stimulus following MIA. (C) BF mechanical thresholds were signiﬁcantly lower in
MIA-I and MIA-S rats (n ¼ 9 each) compared to saline-I and saline-S rats (n ¼ 11 each) respectively. BF mechanical thresholds were not different in MIA-S vs MIA-I rats. (D) TA
mechanical thresholds were not signiﬁcantly different following MIA in either MIA-I or MIA-S (n ¼ 11/10 respectively) compared to saline-treated rats (n ¼ 11 each). Mechanical
thresholds were signiﬁcantly lower in saline-S compared to saline-I rats. Data plotted are median threshold values. Statistical analysis performed with MannWhitney test, *P < 0.05,
**P < 0.01. (E) Amplitudes of mechanical-evoked reﬂexes in BF were signiﬁcantly increased in MIA- compared to saline-treated rats under intact conditions (n ¼ 10/11 respectively;
P ¼ 0.0378). (F) Amplitudes of mechanical-evoked NWRs in TA were non-signiﬁcantly different under intact conditions (n ¼ 11 each group). Baseline activity was subtracted from
responses. Statistical analysis performed with AUC analysis and Mann Whitney, *,P < 0.05.
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Mann Whitney).
MIA increased after-discharge to mechanical stimulation in
spinalised animals
In spinalised rats, EMG after-discharge (post-60g) was observed
in a signiﬁcantly greater proportion of MIA- (60%, 6/10) than saline-
treated rats (27%, 3/11) (P < 0.0001, Fishers exact test). In MIA-
treated rats, this after-discharge was observed in TA in six rats
(mean duration ¼ 22.58  6.936 s) and in BF in two rats
(duration ¼ 8.55 and 14.17 s). In saline-treated rats, after-discharge
was observed in TA in two rats (duration ¼ 6.02 and 5.36 s) and in
BF in one rat (duration ¼ 6.02 s). Thus, spinalisation 28 days
following MIA-treatment unmasked a reﬂex (particularly TA)
hyperexcitability.MIA drives descending inhibition of TA reﬂex receptive ﬁeld (RRF)
size
Expanded RRFs reﬂect increased excitability of spinal cord
synaptic connections. We examined whether MIA-treatment
affected the extent of RRFs and whether this effect was modu-
lated following spinalisation. Similar to previous studies24, in
general, TA and BF RRFs extended over the lateral three toes and
occasionally the most lateral part of the hind paw towards the heel
[Fig. 4(A)]. At day 14, MIA had no observable effect on either BF
(median % responsive ¼ 32%, range ¼ 0e64%) or TA (median %
responsive ¼ 21%, range ¼ 0e41%) RRF size compared to saline
controls (BF median % responsive ¼ 32%, range ¼ 9e55%, P ¼ 0.798,
Mann Whitney; TA median % responsive ¼ 10%, range ¼ 0e50%,
P ¼ 0.235, Mann Whitney), as was also the case at day 28, in intact
rats [Fig. 4(B and C)].
Fig. 4. Effect of MIA on BF and TA RRF size. (A) Schematic of the plantar surface of the rat hind paw illustrating the 22 sites stimulated with a 60 g von Frey monoﬁlament used to
map RRF distribution. Dotted black line represents typical extent of BF and TA receptive ﬁelds. Solid red and blue lines represent typical most responsive sites for BF and TA
respectively. (B) BF RRF size was not signiﬁcantly different in MIA- compared to saline-treated rats under intact conditions (MIA-I vs saline-I; n ¼ 6/7 respectively). Spinalisation
signiﬁcantly reduced the size of BF RRF size in saline- but not MIA-treated rats resulting in larger RFF size in MIA- compared to saline-treated rats (MIA-S vs saline-S; n ¼ 8/7
respectively). (C) TA RRF size was not signiﬁcantly different in MIA- compared to saline-treated rats under intact conditions (MIA-I vs saline-I; n ¼ 7 each). Spinalisation had no
signiﬁcant effect on TA RRF size in saline-treated rats, but caused a signiﬁcant increase in RRF size in MIA-treated rats, resulting in larger RRF size in MIA-S rats (MIA-I vs MIA-S;
n ¼ 7/8 respectively). Statistical analysis performed with Mann Whitney tests, *P < 0.05, **P < 0.01.
Table I
Thresholds and latencies of electrical evoked NWRs in BF and TA in spinally intact
MIA- and saline-treated rats at 14 and 28 days post-injection and in spinalised rats at
day 28 post-injection
Animal group BF threshold
(mA)
BF latency
(ms)
TA threshold
(mA)
TA latency
(ms)
Saline-I (d14) 0.93  0.30 10.56  0.81 0.68  0.16 11.77  1.10
MIA-I (d14) 0.74  0.33 12.67  1.55 0.74  0.34 12.11  0.94
Saline-I (d28) 4.00  1.53 11.10  1.73 0.47  0.10 13.74  1.17
MIA-I (d28) 3.55  1.29 11.46  0.78 0.53  0.20 14.06  0.87
Saline-S (d28) 1.72  0.52 13.31  2.30 1.28  0.44 13.27  1.58
MIA-S (d28) 2.52  0.93 12.93  1.44 1.84  0.93 14.48  2.09
Values are Mean  s.E.M.
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saline-treated rats [Fig. 4(B); Saline-I vs Saline-S rats, P ¼ 0.004,
Mann Whitney] indicating that under non-pathological conditions
a descending facilitatory inﬂuence maintains BF RRFs, a novel
ﬁnding. In spinalised day 28 MIA-treated rats, a small non-
signiﬁcant decrease in RRFs size was observed [Fig. 4(B); MIA-I
vs MIA-S] suggesting that spinal cord hyperexcitability main-
tained BF RRFs. TA RRF size was similar in spinalised and intact
saline-treated rats [Fig. 4(C); Saline-I vs Saline-S], thus interruption
of descending projections has no effect under non-pathological
conditions. However, TA RRF size signiﬁcantly increased in spinal-
ised compared to intact (-I) MIA-treated rats [Fig. 4(C), MIA-I
vs MIA-S, P ¼ 0.04, Mann Whitney]. Thus, as with after-discharge
observations, interruption of descending projections unmasked
an MIA-induced hyperexcitability of TA reﬂexes, suggesting that
responses in the intact state are reduced by descending inhibition.
MIA facilitated wind up of BF and TA reﬂexes to repetitive noxious
electrical stimulation
Since the thresholds and latencies of lower limb reﬂexes evoked
by plantar electrical stimulation are modulated in human knee
OA15, we examined whether MIA-treatment affected electrically-
evoked rat hind limb responses. MIA-treatment had no effect on
electrical thresholds and latencies of either NWR at 14 and 28 days
and following spinalisation at day 28 (Table I).
Effects of MIA on reﬂex wind up to repetitive electrical stimu-
lation of the hind pawwere assessed. MIA had no effect onwind up
of short latency responses (Ab and Ad-fibre mediated) of eitherreﬂex at day 14 or 28, as well as long latency (C-ﬁbre mediated)
wind up of BF reﬂexes at 14 days (Table II). In general, the long
latency component demonstrated an early saturation of the
response (all rat groups, both muscles) and in some cases (MIA-I
rats for BF and TA) a wind down [Figs. 5 and 6]. MIA signiﬁcantly
reduced C-ﬁbre mediated wind up of TA at 14 days (Table II;
P ¼ 0.0499, Mann Whitney) and signiﬁcantly increased C-ﬁbre
mediated wind up of BF and TA (P¼ 0.0415 and 0.0397 respectively,
Mann Whitney) at 28 days [Table II, Fig. 5(A and C)].
Under spinalised conditions, magnitudes of electrically-evoked
reﬂexes for both muscles in all groups of rats were smaller
compared to intact animals [Table II, Fig. 6(B and D)]. A- and C-ﬁbre
mediated wind up of BF and TA responses were comparable in MIA-
and saline-treated rats following spinalisation at day 28 [Table II,
Fig. 6(B and D)].
Table II
AUC of A- and C-ﬁbremediated wind up responses of BF and TA reﬂexes in spinally intact MIA- and saline-treated rats at 14 and 28 days post-injection, and in spinalised rats 28
days post-injection
Animal group BF TA
Ab Ad C Ab Ad C
Saline-I (d14) 8436  2354 3229  654.8 5656  1779 8342  2741 2628  269.0 3357  567.0
MIA-I (d14) 7399  2575 2137  323.2 2569  523.8 4516  1304 2157  441.7 2420  684.5*
Saline-I (d28) 590.3  223.9 2022  676.8 5110  1278 709.2  209.4 2139  396.0 3934  626.9
MIA-I (d28) 1118  196.1 2433  353.0 9298  1647* 967.2  193.2 2754  655.6 7474  1618*
Saline-S (d28) 1252  579.9 1531  509.4 1376  198.0 315.5  32.08 1189  74.76 2261  157.1
MIA-S (d28) 461.3  127.4 782.9  76.34 1570  191.4 570.2  142.6 1100  142.5 2159  319.2
Values are Mean  S.E.M. Statistical analysis performed with Mann Whitney.
* P < 0.05.
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Our data demonstrate that the MIA model is associated with
hyperexcitability and altered descending control of spinal noci-
ceptive reﬂexes. Altered functioning of nociceptive pathways
would be expected to contribute to pain in this model. A height-
ened sensitivity of the BF reﬂex was detected 28 days post-MIA, a
time point associated with reduced hind paw withdrawal thresh-
olds23, and in the present study, concurrent with hind paw weight
bearing deﬁcits. This hyperexcitability reﬂects central sensitization,
as reﬂexes were evoked from the hind paw, an uninjured site
remote from the injured knee i.e., secondary hyperalgesia9. A
reduced threshold in BF was detected in MIA-treated rats with
interrupted descending pathways, suggesting spinal mechanisms
are primarily responsible for its maintenance. MIA-induced hy-
perexcitability of TA to mechanical stimulation (expanded RRF and
after-discharge) was observed only following removal of descend-
ing controls, indicating that descending inhibition had become
activated, normalising the mechanical sensitivity in intact rats.
Descending inhibition was overcome by repetitive stimulation
evoking wind up of TA reﬂexes and allowing the hyperexcitability
of the TA reﬂex to be manifest. Reﬂexes were largely unaltered 14
days post-MIA. Central sensitization at later stages of the MIA
model (28 days) but not at this earlier stage, reﬂects human pain
mechanisms. Pain in early OA may be localised, intermittent, and
restricted to speciﬁc activities, whereas pain in late-stage OA is
frequently persistent, continuous at rest, and may be associatedFig. 5. Effects of MIA on the wind up of NWRs. Example EMG recordings from an MIA-
and a saline-treated rat (28 days post-injection) illustrating the wind up of the long
latency component (100e200 ms; C-ﬁbre) of the TA reﬂex response to eight constant
current stimuli (@10 mA). Note that in the MIA-treated rat (left hand panel) the wind
up response is facilitated compared to responses recorded in the saline-treated rat
(right hand panel).with widespread reduction in PPTs2,6. Thus, central sensitization
may play a major role in progression to chronic pain.
The study of reﬂexes in humans and animal models is used to
assess sensory encoding of the spinal cord and its modulation
during chronic pain12,24. In our experiments in anaesthetised rats,
the excitability of reﬂexes would be expected to be dependent on
anaesthesia levels. We ensured that anaesthesia depth was com-
parable between rats and that the experimenter was blind to
treatment (MIA vs saline). BF reﬂexes under non-pathological
conditions (saline-treated rats) had thresholds around 60 g, a
ﬁnding consistent with published work24. Wind up responses in
general (all rat groups, both muscles) seemed to demonstrate an
early saturation and in some cases (MIA-I rats for BF and TA) a wind
down, showing some similarities to reﬂexes reported in a mouse
model of diabetic neuropathy25 and in humans26.
We observed a differential modulation of a knee (BF) and ankle
(TA) ﬂexor reﬂex, a not unexpected ﬁnding given that different hind
limb reﬂex pathways are differentially sensitised, differentially
modiﬁed by descending pathways14 and can exhibit differential
pharmacological sensitivity27. Furthermore, separate reﬂex path-
ways control activation of individual muscles, each having a well
organised cutaneous nocireceptive ﬁeld related to the withdrawal
movement caused by the muscle24. Thus, each muscle would nor-
mally cause the withdrawal of its receptive ﬁeld and the skin area
most effectively withdrawn corresponds to the most sensitive area
of the nocireceptive ﬁeld. This highlights the importance of
studying multiple reﬂexes in gaining a broader understanding of
changes in spinal nociceptive processing during chronic pain. Long-
lasting changes in reﬂexes evoked by noxious stimuli evolved to
enhance protection of injured sites. BF reﬂex hyperexcitability
could cause postural adjustment, guarding the injured knee by
bearing less weight, and ultimately maintain knee ﬂexion, mini-
mizing pain. This theory is supported by our weight bearing data
and studies demonstrating a limping gait post-MIA28,29, also
observed in human OA compensatory gait mechanics30. Sensitiza-
tion was suppressed in the TA reﬂex by descending inhibition, thus
preserving the normal withdrawal response about the ankle to
stimulation of the toes.
Our ﬁnding of reﬂex sensitization is in agreement with data
obtained from studies in humans with knee OA, in which lower
limb reﬂexes were augmented15,16. Quantitative sensory testing
(QST) in human knee OA indicates the presence of central sensiti-
zation, manifested by lowered mechanical pain thresholds at
remote sites, and facilitation of temporal summation to repeated
noxious pressure4. Our rat MIA data supports these ﬁndings; we
report lowered hind paw BF mechanical thresholds, and facilitation
of C-ﬁbre evoked wind up of reﬂexes. These ﬁndings suggest that
our MIA model reﬂex data acts as electrophysiological correlates of
the altered central pain processing observed following OA devel-
opment, and emphasise the value of our approach in further
elucidating OA pain mechanisms. As with all animal models, the
Fig. 6. Effects of MIA on the wind up of the long latency component (100e250 ms; C-ﬁbre) of NWRs in intact (-I) and spinalised rats (-S). The wind up of the long latency component
of the BF NWR was signiﬁcantly increased in MIA-I (P ¼ 0.0415; n ¼ 16) (A) but not in MIA-S (n ¼ 11) rats (B) compared to saline-treated rats (n ¼ 9 each group). The wind up of the
long latency component of the TA NWR was signiﬁcantly increased in MIA-I (P ¼ 0.0397; n ¼ 16) (C) but not in MIA-S rats (n ¼ 11) (D) compared to saline-treated rats (n ¼ 9/11
respectively). Statistical analysis performed with AUC analysis combined with Mann Whitney, *P < 0.05.
S. Kelly et al. / Osteoarthritis and Cartilage 21 (2013) 1327e1335 1333MIA model has limitations. The transcriptional proﬁle generated in
MIA-injected rats demonstrates little similarity with that of human
OA31. MIA is a non-speciﬁc alkylating agent that induces large-scale
cellular death when administered at high concentrations31,32, for
this reason we used a low dose of MIA (1 mg).
The mechanisms leading to the development of central sensi-
tization and referred pain following OA development, and the
resultant facilitation of spinal NWRs are not well understood. We
have previously demonstrated that MIA induces enhanced excit-
ability of joint innervating Ad- and C-ﬁbre nociceptors18. Enhanced
nociceptive afferent input renders spinal neurons hyperexcitable, a
key feature of central sensitization33. Some spinal neurons receive
convergent input from the joint and hind paw34, thus, during
central sensitization, the synaptic efﬁcacy between low-threshold
mechanoreceptors innervating distal non-injured sites (e.g., hind
paw), and central nociceptive neurons is enhanced. This mecha-
nism could account for the MIA-induced facilitation of hind paw
evoked responses of spinal neurons23 and for the reduced hind paw
thresholds of BF reﬂexes reported here. The inﬂuence of convergent
nociceptive inputs in facilitating reﬂexes from non-sensitized sites
has recently been demonstrated in humans35.
NWRs are under extremely complex and dynamic control by
supraspinal descending projections12. Reduced reﬂex mechanical
thresholds, prolonged after-discharges following noxious pinch,
and expansion of RRFs have been reported post-spinalisation in
naïve rats36 with RRF expansion in spinal cord injured patients37
indicating that under normal conditions descending inhibition
regulates NWR excitability. Our TA mechanical threshold data is in
agreement, where we observed an effect of spinalisation in causing
a decrease, which was not modulated following MIA. We did not
ﬁnd further evidence of an inﬂuence of descending inhibition on
NWRs under non-pathological conditions, possibly due todifferences in methodology (use of anaesthesia, mapping tech-
nique, time-course).
Pathological pain states such as joint inﬂammation increase the
excitability of descending axons in the spinal cord34. Our spinali-
sation data demonstrate MIA-induced alterations in descending
control of NWRs. TA hyperexcitability (RRF expansion) was only
seen in MIA-treated rats following spinalisation, indicating that
descending inhibitory mechanisms were activated followingMIA, a
theory supported by our ﬁnding of reduced C-ﬁbre mediated wind
up of TA at day 14. We observed after-discharges to mechanical
stimulation, more frequently seen in MIA-treated rats, and for TA
than BF, again indicating a removal of descending inhibition acti-
vated by MIA. A recent study suggested that descending seroto-
nergic facilitation drives evoked spinal neuronal responses 14 days
post-MIA38. It is possible that in our spinalisation study conducted
at 28 days, descending inhibition is activated to counteract the
consequent increased spinal excitability. Our theory of activated
descending inhibition is corroborated by a recent human QST study
demonstrating mechanical (tactile) hypoesthesia in patients with
knee OA39. Since, we recorded NWRs over identical time frames in
MIA/saline rats, we can exclude the possibility that differences
observed are related to spinal shock, or time related recovery of
responses post-spinal cord transection36. BF excitability changes
were not masked by descending inhibition and our BF data high-
lights the importance of intraspinal mechanisms in maintaining
this hyperexcitability, mechanisms that are in themselves thera-
peutic targets for pain relief. Overall, we report differential effects
of spinalisation on TA vs BF reﬂexes.
In conclusion, our study is the ﬁrst to interrogate the effects of
OA on NWR excitability and on their supraspinal control. Our data
provide an important insight into the mechanisms underlying OA
pain and in particular the contribution of central sensitization to its
S. Kelly et al. / Osteoarthritis and Cartilage 21 (2013) 1327e13351334maintenance. Similarities in the pattern and modulation of reﬂexes
recorded in animals and from humans indicate that preclinical
studies of reﬂexes in animal models of pain have translational value
for the study of human pain mechanisms.
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